ME  FILE  copy  AD  A 10233  9 


Contract  NOOO14-76-C-0495 


ttVEL^ 


CORROSION  OF  MAGNESIUM  AT  HIGH  ANODIC  POTENTIALS 

Manuscript 


Theodore  R.  Beck 

Electrochemical  Technology  Corp. 
3935  Leary  Way  N.W. 

Seattle.,  WA  98107 

(206)  632-5965 


.  INTERIM  REPORT  FOR  PERIOD  APRIL  1980  -  JUNE  1981 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  States  Government. 
Distribution  is  unlimited. 


Prepared  for 

OFFICE  OF  NAVAL  RESEARCH 
800  North  Quincy  Street 
Arlington,  VA  22217 


July  1981 


SECyPiTv  CL  MS  near  ON  op  Tni«  »*ot  ■*>*!•  Oai*  fc'maiarfj 


REPORT  DOCUMENTATION  PAGE 

asmmmwmm 

1.  pep&pt  k’.n.ccp  12  covt  accession  ><o. 

.jAD.-A 

T 

l 

1 

4  TiTl„E  ?ms4  Swbtfrf*) 

Corrosion  of  Magnesium  at  High  Anodic  Potentials^ 

Tk-AuTnCP.'*) 

Theodore  R. /Beck  and  S.  G.  Chan 

/ 

•  con’  pact  op  spant  numscpci; 

» NOOQ14-76-C-0495  v 

i 

1 

».  PEP^OPMISS  OPOANI Z ATiON  NAME  AnS  AOOPCSS 

Electrochemical  Technology  Corp. 

3935  Leary  Way  N.W. 

Seattle.  WA  98107 

10  **CG**M  ELEMENT  ©KOjECT.  task 

AKCA  A  WC"K  UNIT  NUMBERS 

1  X'  * 

■ 

II  CONTPOllinO  OPPiCC  name  ANO  AOOPESS  , 

Office  of  Naval  Research  • 

Materials  Science  Division 

Arlington.  VA  22217 

<2.  »EJMaT.nA.Te 
/Jul#^981  / 

1J  M'jMBT*  O*  BAGES 

_ 

14  mOniTOR;n3  AGENCY  NAME  b  AOOAESSfif  different  from  Controlling  Office) 

15 •  DECL ASS>P:CATiOS  DOWNGRADING 
SCHEDULE 

'*.  OiSTHiiuTi3«i  STiTtNtNT  Col  ih/«  Papori; 


17  D!ST*|«U"I0N  ST  atcmEnT  fol  in*  abairact  anlarap  in  Slock  20,  II  PIHarani  from  Papon; 

Reproduction  in  whole  or  part  is  permitted  for  any  purpose  of  the  United 
States  Government.  Distribution  is  unlimited. 


lukkLtmv’kkir  NOTES 

Manuscript  has  been  submitted  to  Symposium  volume  for  H.  H.  Uhlig  75th 
Birthday  Symposium,  The  Electrochemical  Society,  Fall  Meeting,  Denver, 
October,  1981. 


*9.  KEY  wO*OS  Continue  on  rovoroo  wide  it  nocotoory  ond  identity  by  bloc*  nuflfbor; 

Magnesium,  corrosion,  pitting,  mass  transport,  salt  film. 


20  ASSTPACT  'Canifriu*  an  ravara*  aid*  II  naeaMpry  and  Ipanilly  k y  black  number.) 

t  During  the  pitting  of  magnesium  and  other  metals  in  halide  solutions,  a  film 
of  halide  salt  of  the  metal  forms  on  the  corroding  surface.  This  salt  film 
plays  a  major  role  as  a  diffusion  barrier  for  water  and  prevents  repassivatlon 
by  oxide.  Properties  of  magnesium  chloride  layers  were  determined  on  corroding 
high-purity  magnesium  shielded  electrodes  or  one-dimensional  pits.  Electrical 
transient  experiments  showed  that  the  salt  film  thickness  is  proportional  to 
applied  anodic  potential  and  that  conduction  is  by  the  high  field  mechanism. 
Water  diffusion  rate  decreases  with  film  thickness.  _  _ 


00 


P  OPM 

I  JAN  71 


1473 


COITION  OP  >  NOV  •>  IS  OSSOkCTC 


Unclass 1 f led 


CORROSION  OF  MAGNESIUM 
AT  HIGH  ANODIC  POTENTIALS 


T.  R.  Beck  and  S.  G.  Chan 
Electrochemical  Technology  Corp. 
3935  Leary  Way  N.W. 
Seattle,  UA  98107 


ABSTRACT 


Jlecession  For 

NTIS  GRAJcI 
DTIC  TA3 
Unannounced 


Justif lent  lor 


□ 

□ 


By_ 


Dictribution/ 
Availability  Codes 
Avail  and/or 
Special 


Dlst 


A 


During  the  pitting  of  magnesium  and  other  metals  In 
halide  solutions  a  film  of  halide  salt  of  the  metal  forms 
on  the  corroding  surface.  This  salt  film  plays  a  major 
role  as  a  diffusion  barrier  for  water  and  prevents  repassi¬ 
vation  by  oxide.  Properties  of  magnesium  chloride  layers 
were  determined  on  corroding  high-purity  magnesium  shielded 
electrodes  or  one-dimensional  pits.  Electrical  transient 
experiments  showed  that  the  salt  film  thickness  is  proportional 
to  applied  anodic  potential  and  that  conduction  is  by  the 
high  field  mechanism.  Water  diffusion  rate  decreases  with 
film  thickness. 


Corrosion  of  magnesium  has  been  studied  in  relation  to  use  as 
structural  material  in  the  atmospheric  environment  (1)  as  a  cathodic 
protection  anode  (2)  and  as  an  anode  in  primary  cells  (3).  Other 
studies  have  been  made  of  associated  thermodynamics  (4)  and  kinetics 
and  transport  processes  (5-9).  Magnesium  corrosion  is  highly 
hindered  by  surface  hydroxide  (8)  and  the  mixed  potential  for  dissolu¬ 
tion  is  generally  about  one  volt  positive  to  the  reversible  potential 
of  magnesium.  The  corroded  surface  is  rough  and  the  corrosion  product 
film  sometimes  contains  finely  divided  reactive  magnesium  particles 
(10).  Hydrogen  is  simultaneously  evolved  so  that  the  apparent 
valence  of  dissolution  is  about  1.4  rather  than  the  standard  valence 
of  2. 

The  purpose  of  the  present  paper  is  to  describe  and  analyze 
corrosion  of  magnesium  at  high  anodic  potentials  in  magnesium 
chloride  solutions  in  which  a  magnesium  chloride  film  forms  on  the 
corroding  surface.  Mass  transport  effects  and  properties  of  the  salt 
film  are  described.  The  results  provide  some  illumination  of  corrosion 
mechanisms  at  lower  anodic  potentials. 


Experimental 


The  experiments  described  in  this  paper  were  carried  out  with 
shielded  (one  dimensional  pit)  electrodes,  described  previously  (11). 
The  working  electrodes  were  99.92  pure  magnesium  rods  with  0.16  cm  x 
32  cm  cross  section  cast  in  0.6  cm  diameter  epoxy  resin  insulating 
sheaths.  Experiments  were  conducted  in  the  anode  facing  up  position 
for  hydrodynamic  stability,  and  the  corroding  surface  was  observed 
through  a  60  x  binocular  microscope  above  the  cell.  A  flow  cell  chat 
could  be  put  under  the  microscope  (12)  was  also  used.  The  shielded 
pit  electrodes  faced  up  on  the  bottom  of  a  0.32  cm  x  0.32  cm  cross 
section  flow  channel.  All  of  the  experiments  were  carried  out  in 
solutions  of  various  concentrations  of  ACS-specif ication  reagent 
grade  MgCl2  •  6  H2O  in  distilled  water. 

Many  different  types  of  experiments  were  conducted  with  the 
shielded  electrodes  to  characterize  the  transport  mechanisms. 
Potentiodynamic  polarization  curves  were  measured  under  stagnant  and 
forced  convection  conditions.  The  rate  of  evolution  of  hydrogen  gas, 
produced  simultaneously  with  corrosion,  was  measured  in  an  inverted 
electrolyte-filled  micro  gas  burette  held  over  the  pit.  The  effect  of 
electrolyte  velocity  on  the  limiting  current  density  was  determined 
with  a  flow  system  (13)  using  a  Teflon  pump  and  a  rotameter  calibrated 
for  each  solution.  Current  density  transients  were  measured  under 
potentiostatic  conditions  in  the  early  stages  of  development  of  the 
diffusion  layer  in  various  bulk  MgCl2  concentrations.  Potential  drop 
in  the  pit  electrolyte  was  measured  as  a  function  of  position  with  a 
vertically-calibrated  movable  Luggin  capillary  (11). 

Electrical  transient  methods  were  used  to  characterize  the 
properties  of  the  salt  film  on  the  metal  surface.  Step  potentials 
were  applied  in  the  positive  and  negative  direction  to  the  magnesium 
anode  corroding  at  steady  state  conditions.  Measured  initial  peak 
currents  gave  electrical  conduction  properties  of  the  salt  film. 
Integrated  current  density  versus  time  for  a  positive  step  potential 
gave  charge  density  of  incremental  amount  of  salt  film  formed. 

A  Wenking  Model  68T53  potentiostat  and  a  PAR  Model  173  potentio- 
stat  were  used  for  the  controlled  potential  experiments.  For  applied 
potentials  greater  than  10  V,  a  well-filtered  variable  voltage  DC 
power  supply  was  connected  to  the  working  and  counter  electrodes;  the 
working  electrode  potential  was  measured  against  a  saturated  calomel 
reference  electrode.  Fast  electrical  transients  were  measured  on  a 
Tektronix  Model  564B  storage  oscilloscope  and  slow  transients  on  a 
Hewlett-Packard  Model  7046A  x-y  plotter.  A  saturated  calomel  reference 
electrode  was  used  in  stagnant  electrolyte  experiments  and  a  silver/- 
silver  chloride  electrode  in  contact  with  the  solution  in  the  flow 
experiments  (13). 
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Results  and  Discussion 


Polarization  Curves— A,  typical  potentiodynamic  polarization  curve 
for  magnesium  in  MgCl?  solution  is  shown  in  Fig.  1.  This  curve  was 
obtained  in  0.94  M  MgCl2  solution  with  a  sweep  rate  of  1  V/m  in  the 
positive  and  negative  directions.  The  current  density  in  the  approxi- 
mately  linear  positive-sweep  region  from  -1.3  V  to  2  V  is  limited  by 
ohmic  resistance  of  the  solution.  In  this  region  hydrogen  bubbles 
evolve  vigorously  and  cause  Increasingly  unstable  current  with 
increase  in  potential.  The  corroding  metal  surface  has  a  jet  black 
appearance  due  to  a  microporous  surface  as  observed  for  titanium  in 
the  ohmically-limited  region  (11,  13). 

Ac  a  potential  above  2  V  the  current  density  deviates  from  the 
linear  relationship  and  decays  rapidly  due  to  salt  film  passivation. 
The  hydrogen  evolution  rate  decreases  significantly  and  the  corroding 
surface  becomes  electropolished.  In  the  salt  film  passivation  region, 
agitation  of  the  electrolyte  in  the  pit  causes  the  current  density  to 
increase.  On  the  negative  sweep  from  10  V  the  current  density  remains 
small  until  the  potential  is  below  0  V.  Then  the  hydrogen  evolution 
increases  significantly  and  the  current  density  rises  to  the  ohmic 
limit.  The  zero-current  intercept  is  more  negative  on  the  negative 
sweep  because  the  surface  is  completely  active.  On  the  initial 
positive  sweep  starting  at  -2  V  the  corrosion  initiates  at  discrete 
small  pits  and  time  is  required  for  the  whole  surface  to  become  active. 

The  potential  for  salt  film  passivation,  bp,  and  the  correspond¬ 
ing  current  density,  ip,  both  decrease  approximately  linearly  with 
increasing  concentration.  At  saturation  of  MgCl2,  the  salt  passiva¬ 
tion  potential  is  about  -1  V  and  the  passivation  current  density  about 
0.2  A/cm^.  Current  density  in  the  ohmic  region  can  be  described  by 

(ID 


we 

i  -  - —  (1) 

d  +  a\'£  w 

although  the  hydrogen  bubbles  cause  some  error. 

The  electrode  reaction  in  the  mass  transport  limited  region  is 

Mg(c)  +  2Cl"(aq)  -  MgCl2(c)  +  2e_  (2) 

in  which  a  layer  of  salt  covers  the  metal.  The  salt  layer  is  assumed 
to  conduct  by  transport  of  chloride  and/or  magnesium  ions.  Magnesium 
chloride  dissolves  at  the  salt-solution  interface  and  magnesium  ions 
are  transported  away  through  the  solution. 


The  standard  reversible  potential  for  reaction  2  is  calculated 
from  free  energy  data  (14)  to  be  -1.95  Vgcg.  It  is  not  possible  to 
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check  this  value  on  a  polarization  curve  such  as  Fig.  1  because  the 
salt  film  dissolves  as  the  reversible  potential  is  approached.  An  ac 
technique  was  therefore  used. 

A  sine  wave  was  superimposed  through  the  potentiostat  on  a  pit  at 
+3  V  dc  in  2.35  M  MgCl2  solution.  The  current-voltage  curve  was 
displayed  on  the  oscilloscope.  At  frequencies  of  10  to  15  Hz  the 
zero-current  intercept  occured  at  -1.9  i  0.1  V.  At  lower  frequencies 
the  salt  film  dissolved  and  at  higher  frequencies  capacitive  charging 
and  discharging  of  the  salt  film  gave  a  hysteresis  loop.  There  was  a 
large  hysteresis  in  the  anodic  current  region  at  10  to  50  Hz  but 
essentially  no  hysteresis  in  the  cathodic  current  region  and  in  the 
region  of  the  zero-current  intercept.  The  metal  surface  remained 
bright  under  the  salt  layer  in  these  tests.  The  zero-current  (-1.9  V) 
intercept  appears  to  be  the  reversible  potential  for  reaction  2  and 
will  be  assumed  so  in  this  paper. 

The  valence  of  dissolution  was  determined  in  the  mass  transport 
limited  region  in  2.35  M  MgCl2  solution  at  a  potential  of  5.0  V.  At 
this  condition,  the  corroding  metal  surface  is  shiny  and  the  hydrogen 
evolution  rate  is  small.  Four  runs  were  made  at  16  hours  each 
starting  from  a  condition  of  the  magnesium  polished  flush  with  the 
epoxy  resin  surface.  The  average  depth  at  the  end  of  the  runs  was 
measured  with  a  machinist's  dial  gage  and  compared  to  the  Integrated 
current  from  the  strip  chart  recorder.  The  measured  valence  was  2.03 
±  0.03. 


Hydrogen  ZvoluzioK — The  rate  of  hydrogen  evolution  was  measured 
in  0.94  M  MgCl2  solution  at  potentials  from  -1.5  V  to  19  V.  The  volu¬ 
metric  rate  (cm^/s)  was  converted  to  an  equivalent  cathodic  hydrogen 
current  density  using  the  ideal  gas  law  and  Faraday's  law. 

i  „  2F  v  (273Jj7_6_-_p) 
h2  22,400  T(76)A 

The  ratio  of  the  hydrogen  current  density  to  the  actual  anodic  current 
density  is  plotted  versus  potential  in  Fig.  2.  The  actual  anodic 
current  density  is  assumed  to  be  the  sum  of  the  absolute  values  of  the 
measured  anodic  current  density  and  the  hydrogen  current  density. 

The  ratio,  i^/ia*  approximately  constant  at  0.3  for  the  ohmic 
limited  region;  both  lH2  and  ia  Increased  with  potential.  This  value 
corresponds  to  an  apparent  valence  of  1.4,  which  is  in  general  agree¬ 
ment  with  literature  values  (10).  The  ratio,  iH2^a>  is  about  two 
orders  of  magnitude  smaller  at  high  potentials  in  the  mass  transport 
limited  region.  In  each  of  these  experiments  between  0.5  V  and  19  V 
in  the  mass  transport  limited  region  the  hydrogen  was  collected  over  a 
period  of  time  in  which  the  average  measured  current  was  in  the  range, 
0.15  ±  0.07  A/cm?.  The  ratio,  i^^a*  decreases  with  Increase  in 
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potential  in  this  region. 

An  hypothesis  is  made  here  that  the  rate  of  hydrogen  generation 
in  the  mass  transport  limited  region  is  directly  related  to  the  rate 
of  water  diffusion  through  the  salt  layer.  Because  the  metal/salt 
interface  is  at  a  very  negative  potential  (-1.9  V)  it  will  be  assumed 
that  every  water  molecule  arriving  at  the  interface  is  reduced  to 
hydrogen 


H20  +  2e*  -  H2  +  0“  (A) 

The  small  concentration  of  oxide  ions  simultaneously  formed  will  be 
incorporated  into  the  salt  film  as  magnesium  oxychloride. 

The  current  density  for  hydrogen  generation  is  therefore 


i 


H2 


2F  pw  acw 

t 


(5) 


It  will  be  assumed  there  that  the  salt  film  thickness  is  directly 
proportional  to  the  potential  across  the  salt  film 

t  -  Kx  (?  +  1.9)  *  (6) 


(The  value  of  is  discussed  in  a  later  section.)  Equations  5  and  6 
may  be  combined  to  give  the  linear  relation 

l/iH2  -  K2  (*  +  1.9)  (7) 


Experimental  values  of  l/in2  in  the  mass  transport  limited  region  are 
plotted  versus  $  in  Fig.  3.  The  least-squares  line  has  a  slope  of  272 
(A/cn>2)-l  V1  and  an  intercept  of  -A  V.  The  dashed  line  in  Fig.  3  was 
drawn  through  a  zero-current  intercept  of  -1.9  V  in  accordance  with 
Eq.  7,  and  gives  a  line 

l/iH2  -  325  (c  +  1.9)  (8) 

The  data  thus  appear  to  be  in  reasonable  accord  with  the  hypothesis  of 
water  transport  in  the  salt  film.  The  dashed  curve  in  Fig.  2  is 

1^2  _ 1 _  0.0205  m 

ia  ’  (0.15X325)  U  +  1.9)  ($  +  1.9) 


Effect  of  Electrolyte  Velocity— The  effect  of  electrolyte  velocity 
on  current  density  in  the  mass  transport  limited  region  is  shorn  in 
Fig.  A.  These  experiments  were  conducted  in  2.35  M  MgCl2.  The  depth 


of  the  recessed  Mg  electrode  in  the  side  of  the  flow  channel  was  about 
0.15  cm.  The  strong  relation  of  current  density  to  flow  velocity 
shows  that  the  current  Is  mass  transport  limited,  although  the  slope 
with  potential  at  the  higher  flow  rates  indicates  partial  kinetic 
control. 


Conductivity  of  Solution  in  Pit — Potential  in  the  pit  solution 
was  measured  as  a  function  of  depth  with  the  position-calibrated  small 
Luggin  capillary  (11)  for  bulk  concentrations  of  0.94,  2.35  and  4.7  M. 
Pit  depths  were  0.2  to  0.3  cm.  Solution  conductivity  calculated  from 
the  slope  of  the  potential  versus  depth  curves  varied  smoothly  from 
the  saturation  value  at  the  bottom  of  the  pit  to  the  bulk  concentra¬ 
tion  near  the  mouth.  The  pits  with  magnesium  did  not  have  the 
extremely-viscous,  low-conductivity  solutions  near  the  bottom  that 
were  observed  in  pits  with  titanium  (11). 


Current  Zinsit'-Cin  Transients — Experiments  were  conducted  in 
which  a  step  potential  from  the  open-circuit  value  to  +5.0  V  was 
applied  for  a  range  of  bulk  MgCl2  concentrations.  The  pit  depth 
averaged  0.09  +  0.01  cm  in  these  experiments.  Current  density-time 
transients  are  shown  in  Fig.  5.  The  initial  current  is  ohmically 
limited.  Salt  passivation  initiates  in  the  time  period,  0.01  to  0.1  s. 
By  1  s  the  salt  film  is  fully  developed  and  thereafter  the  current 
density  decays  as  the  diffusion  layer  thickness  increases  in  the  pit. 
At  about  1000  s  the  current  density  levels  to  the  steady-state  value 
for  a  diffusion  layer  thickness  corresponding  to  the  pit  depth.  The 
decrease  in  current  density  with  bulk  concentration  of  MgCl2  in  the 
unsteady-state  and  steady  state  regions  clearly  indicate  a  mass 
transport  limit  for  Mg++  ion. 

In  the  unsteady-state  region  the  limiting  current  density  can  be 
described  (15)  by 

zF  (C  -  C.  )  r- 

•  s  b  ,  D  /  ,  n  \ 


and  in  the  steady-state  region  it  can  be  described  by 

zFD(C  -  C,  ) 

^  _  s  b 


The  chloride  ion  transference  number  has  a  value  of  about  0.79  (16)  in 
concentrated  MgCl2  solution  concentrations  shown  in  Fig.  5.  Values  of 
D  were  calculated  from  Eq.  10  and  11  and  Fig.  5  for  bulk  concentrations 
from  0.94  to  4.23  M.  The  values  were  1.1  ±  0.1  x  10"^  cm^/s  for  the 
unsteady  state  curves  and  1.8  ±  0.2  x  10“5  cm^/s  for  the  steady  state 
curves,  assuming  d  *  0.1  cm.  These  values  are  many  times  larger  than 


would  be  expected  in  concentrated  solution.  A  possible  cause  of  the 
large  apparent  dif fusivities  is  convective  mixing  by  the  hydrogen 
bubbles  of  the  high  concentration  solution  from  the  pit  bottom  to  the 
lower  concentration  at  the  pit  mouth.  Quantitative  measurements  and 
calculations  remain  to  be  made. 


A  surprising  result  in  Fig.  5  is  that  the  current  density  did  not 
go  to  zero  in  saturated  solution  but  also  followed  the  same  power 
law  of  Eq.  10.  The  experiments  were  repeated  a  number  of  times  with 
solution  that  was  saturated  with  MgCl2  at  30°  or  30°C  before  pouring 
into  the  cell  to  insure  saturation  in  the  cell  which  was  run  at  21°C. 
Curve  a  is  for  initial  30°C  saturated  solution  and  curve  b  is  for 
initial  50°C  saturated  solution.  The  pit  was  filled  with  solution- 
precipitated  MgCl2  *  ^  H20  crystals  for  the  50°C  solution  but  not  the 
30°C  solution.  The  solution  next  to  the  salt  film  appears  to  be 
supersaturated  so  that  the  transport  can  be  described  by 
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zF  (C*  -  C  ) 
_ _ _ s_ 
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(12) 


The  degree  of  supersaturation  calculated  from  Eq.  12  and  curve  a 
Fig.  5  for  D  *  1.1  x  10~5  cm^/s  is  1.5  ±  0.3%  above  saturation. 
Supersaturation  for  curve  b  is  calculated  to  be  about  3%  above 
saturation. 


Szec  Pcisr.ticl  rzlaxK.zc.iicK  Curves — Step  potential  experiments 
were  conducted  with  Mg  in  4.23  M  (90%  saturated)  MgC^  solutions  in 
order  to  determine  electrical  properties  of  the  MgCl2  salt  film  over  a 
wide  range  of  potential.  Potential  was  stepped  up  and  down  from  an 
initial  $1  to  a  value  of  ; 2  starting  with  same  initial  current  density 
of  0.02  A/cm*.  The  potential  range  of  $1  was  from  1  V  to  10  V.  The 
initial  peak  current  density,  ip,  at  each  value  of  $2  was  recorded  on 
the  storage  oscilloscope.  The  data  are  plotted  semilogarithmically  in 
Fig.  6. 

A  linear  relationship  is  obtained  at  current  densities  below 
0.02  A/cm^  in  accordance  with  high-field  conduction. 

i“1oexp(^)  (13) 

At  higher  current  densities  the  data  deviate  from  the  linear  relation¬ 
ship  due  to  an  apparent  series  ohmic  resistance.  The  value  of  B/t^  or 
t^/B  can  be  calculated  from  the  linear  region  from  the  derivative  of 
Eq.  13. 


t^/8 


(14) 


(ooXjT^I ) 
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Values  of  d;/d  logi  determined  from  Fig.  6  are  plotted  versus  poten¬ 
tial,  $1,  in  Fig.  7.  The  data  appear  to  be  linear  with  potential, 
consistent  with  the  salt  film  thickness  being  linear  with  potential 
and  a  constant  6.  The  dashed  line  in  Fig.  7  is  drawn  through  the 
reversible  potential 

t  /B  -  0.098  ($A  +  1.9)  (15) 

•6  2 

The  value  of  i  in  Eq.  13  is  about  1  x  10  A/cm  from  Fig.  6. 

The  difference  between  a  curve  at  high  current  density  and  the 
extrapolated  linear  region  in  Fig.  6  gives  an  apparent  ohmic  potential 
difference.  Plots  of  these  potential  differences  versus  current 
density  are  approximately  linear  and  give  generally  increasing  resis¬ 
tances  from  270  to  770  ohms  (14  to  29  0  cm^)  for  potentials  from  1  to 
10  V.  The  solution  resistance  for  an  effective  0.2  cm  deep  pit  is 
about  40  ohms  based  on  conductivity  data.  It  appears  that  there  is  a 
series  ohmic  resistance  in  the  pit,  perhaps  a  porous  salt  layer  on  top 
of  the  barrier  salt  layer. 

Attempts  were  made  to  determine  the  incremental  amount  of  barrier 
layer  film  growth  for  a  step  potential.  In  general,  the  current 
density  increases  at  the  step  potential  to  a  value  above  the  mass 
transport  limited  current  density,  i^,  and  decays  in  time  back  to  iL. 
It  was  assumed  that  the  area  under  this  curve  would  represent  the 
charge  for  incremental  amount  of  barrier  layer  film.  In  practice 

there  were  complications  that  caused  the  method  to  give  only  a  rough 

approximation;  the  poststep  value  of  1l  was  not  always  identical  to 
the  prestep  value,  and  there  was  a  double  overshoot  in  current  density 
due  to  concentration  changes  in  the  solution  side.  Nevertheless  the 
average  incremental  thickness  appeared  to  be  about  50  A/V  at  a  limit¬ 
ing  current  density  of  1  mA/cm2.  The  value  of  3  can  be  estimated  from 
this  value  of  dtj/d?!  in  the  derivative  of  Eq.  15. 

-  „  10  ^  5  x  10  cm/V  (16) 

This  value  is  similar  to  values  obtained  for  oxide  films  (17).  The 

value  of  dt/d;  decreased  with  increasing  current  density.  The  data 

were  too  scattered  to  determine  if  there  was  a  trend  in  dt/do  with 
potential . 


?er~,eaiilitg  of  Water  ar.d  Hydrogen  in  Salt  Fil’r — The  permeability 
of  the  MgCl2  salt  film  barrier  layer  to  water  and  hydrogen  is  examined 
here.  Solubilities  of  water  and  hydrogen  in  MgCl2  are  not  known,  so 
the  permeability,  P  ■  DC,  will  be  calculated.  A  common  unit  for 
permeability  is  cm  3(STP)  cm-2  cm  (cm  Hg)-1.  The  current  density 
for  water  reduction  based  on  reaction  4  is  then 
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2F  P  Ap 
w  v 

lw  m  22,400  t 


The  value  of  t  can  be  expressed  by 

t  -  50  x  10-8  <$  +  1.9) 
Equation  8  can  be  rewritten 


H->  325(4  +  1.9) 


Assuming  iw  *  ijj2»  ^9*  17,  18,  and  19  may  be  combined  and  solved  for 


(50  x  10  °)  (22,400) 
(325)(2)F’p  , 


at  25~C  a  saturated  MgC^  solution  has  a  water  vapor  pressure  of 
0.789  cm  (18).  This  value  in  Eq .  20  gives  Pw  *  2.3  x  10“3®  cm3(STP) 
s*3cm-3  cm  (cm  Hg)”3. 

A  question  arises  whether  this  value  of  Pw  is  reasonable.  A 
search  was  made  for  water  permeability  of  inorganic  salts  at  room 
temperature.  Data  were  found  for  a  few  alkali  halides  only  (18,  19), 
determined  by  destruction  by  water  vapor  of  color  centers  in  crvstals. 
A  value  calculated  from  data  for  K1  at  25°C  (18)  is  0.004  x  10~10  cm3 
(STP)  s~l  cm'^cra  (cm  Hg)-3.  Another  25°C  value  for  KI  extrapolated 
from  200°  -  300°C  data  (19)  is  0.0004  x  10"30  cm3(STP)  s^cm"3  cm  (cm 
Hg)~3.  Extrapolated  values  for  KBr  and  KC1  are  smaller.  Permeabili¬ 
ties  of  water  through  various  plastics  range  from  0.25  x  10"3*3  to 
12,000  x  10-30  cm3(STP) s-3cm-3cm  (cm  Hg)“3  with  a  mean  of  about  1000 
x  10-3-0  (20).  The  value  of  Pw  calculated  from  MgCl2  therefore  appears 
to  have  a  reasonable  order  of  magnitude  but  it  remains  to  be  deter¬ 
mined  by  independent  measurements  if  the  value  is  correct. 

Another  question  concerns  the  feasibility  of  hydrogen  transport 
out  through  the  MgCl2  film.  Diffusion  coefficients  for  H2  through  KI, 
KBr,  and  KC1  at  200°  -  300°C  have  been  measured  (21)  but  no  solubility 
data  were  found  to  convert  to  permeability.  On  the  other  hand, 
permeability  data  of  H2  through  plastics  (20)  are  available  and  aver¬ 
age  about  1/100  the  water  value,  or  -  10  x  10”  cnr  (STP)s-3  cm-3  cm 
(cm  Hg)-3.  If  it  is  assumed  for  example  that  the  permeability  of  H2 
is  1/100  the  value  for  water,  an  estimate  of  the  H2  transport  rate  can 
be  made  from 

2  F  ph2  Aph2 

“  ~ 22 ,400  t 


(21) 
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The  ratio  of  H2  to  ;ater  flux  is  therefore 


H2ApH 

Ap 


0.01 


tp 

rw 


(22) 


The  value  for  Ap^  is  ?6  S  cm  Hg  in  which  S  is  the  supersaturation 
ratio,  which  may  be  very  large  for  nucleation  of  H2  bubbles  in  the  salt 
film.  The  value  of  Apw  above  is  ~0.8  cm  Hg  so  that  ij^/iw  ~0.95  S. 
The  H2  permeability  rate  therefore  appears  to  be  adequate  based  on  the 
above  assumptions. 


Conclusions 

Corrosion  experiments  with  a  shielded  high-purity  magnesium  anode 
in  various  concentrations  of  magnesium  chloride  showed  the  following. 
At  high  anodic  potentials,  magnesium  ion  transport  in  solution  becomes 
limiting  and  a  barrier  layer  salt  film  forms  on  the  metal  surface. 
Electrical  conduction  of  the  salt  film  is  by  the  high-field  mechanism 
and  the  constants  were  determined.  Thickness  is  proportional  to 
applied  potential.  Water  diffuses  through  the  salt  film  leading  to 
hydrogen  evolution,  with  a  rate  inversely  proportional  to  potential 
and  film  thickness. 
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Nomenclature 


a  =  constant 
.  -> 

A  =  area,  cm- 

C  «  concentration,  mol/cm 
d  =  depth,  cm 
D  *  diffusivity,  cm^/s 
F  =  Faraday,  96,500  C/equiv 
i  *  current  density,  A/cm^ 
io  =  exchange  current  density,  A/cm- 
K  =  constant 
i  =  length,  cm 
p  =  pressure,  cm  Hg 

P  *  permeability,  cm^(STP)  s“l  cm"2  cm  (cm  Hg)~l 
t  =  thickness,  cm 
t_  *  transference  number 
T  =  absolute  temperature 

v  =  volumetric  rate  of  H2  evolution,  ccr/s 
w  =  width,  cm 
z  =  valence,  equiv/ncl 
£  =  exponential  constant,  cm /V 
T  =  time,  s 
;  =  potential,  V 
Subscripts 

a  =  anodic 
b  *  bulk 
e  *  electrolyte 
H2  *  hydrogen 
L  *  limiting 
p  *  peak 
s  »  saturation 
w  *  water 


*  <VSC£> 

Fif.  1.  Potentiodynamic  polari¬ 
zation  curve  for  magnesium  in 
0.94  N  MgCl2;  depth  ■  2  mm; 
sweep  rate  *  1  V/min. 
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Fig.  2.  Ratio  of  hydrogen 
current  density  to  anodic 
current  density  in  ohmic 
limited  and  mass  transport 
United  regions  for  0.94  M 
MgCl2. 
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Fig.  3.  Plot  of  reciprocal 
of  hydrogen  evolution  current 
density  versus  potential  (Eq. 
7)  for  mass  transport  limited 
region  with  0.94  K  MgCl2. 
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Fig.  4.  Effect  of  electrolyte 
velocity  on  current  density  in 
mass  transport  limited  region 
in  4.7  M  MgCl2;  depth  ■  1.5  mm. 
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